Bicruciate-stabilised total knee replacement (TKR) aims to restore normal kinematics by replicating the function of both cruciate ligaments. We performed a prospective, randomised controlled trial in which bicruciate-and posterior-stabilised TKRs were implanted in 13 and 15 osteo-arthritic knees, respectively. The mean age of the bicruciatestabilised group was 63.9 years (SD 10.00) and that of the posterior-stabilised group 63.2 years (SD 6.7). A control group comprised 14 normal subjects with a mean age of 67.9 years (SD 7.9). The patellar tendon angle (PTA) was measured one week pre-operatively and at seven weeks post-operatively during knee extension, flexion and step-up exercises.
One of the major goals of total knee replacement (TKR) is to restore the normal kinematics of the knee. 1 This is, however, rarely achieved, in part because TKR requires removal of one or both cruciate ligaments, which are integral to the normal function of the knee. 2 Designs of TKR that better replicate the kinematics of the normal knee are evolving, often incorporating mechanical features to replace the function of the cruciate ligaments. 3 The 'posterior-stabilised' design uses a mechanical analogue to replace the function of the posterior cruciate ligament (PCL). 3 A post protrudes from the tibial component and as the knee flexes, it becomes engaged with a cam in the femoral component, intended to prevent anterior movement of the femur on the tibia.
Most posterior-stabilised designs still do not reproduce normal kinematics because while they replicate the function of the PCL, the role of the anterior cruciate ligament (ACL) is not considered. An alternative design, the bicruciatestabilised TKR, incorporates features which mimic both the ACL and PCL. The main additional mechanical feature is an anterior femoral cam which aims to prevent excessive posterior movement of the femur on the tibia (Fig. 1) . 4 In order to assess the function of the bicruciate-stabilised TKR, it is important to characterise how effectively it restores normal kinematics. One appropriate measurement is the patellar tendon angle (PTA), which is easily measured from lateral fluoroscopic images and can be used to characterise movement of the knee in the sagittal plane. [5] [6] [7] [8] [9] [10] [11] [12] This angle has been well defined for young healthy knees and for a range of designs of TKR during activities such as extension, flexion against gravity and step-up. [6] [7] [8] 10, 13 Both in vivo and in vitro studies have shown that TKR generates grossly different PTA profiles compared with those observed in young or non-osteo-arthritic knees. 5, 6, 12, 14 However, it is unclear what the in vivo kinematic profile is before surgery, or even in non-arthritic subjects of a similar age. Young, non-arthritic knees may not be an appropriate standard against which to judge TKR. Restoration of preoperative kinematics, or those of a nonarthritic but age-matched group, may be a more realistic goal of TKR rather than the imposition of a young, normal kinematic profile for which the musculature of the arthritic knee has not been conditioned.
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Our prospective, randomised controlled trial investigated kinematics before and after the implantation of a bicruciate-or posterior-stabilised TKR, and those of asymptomatic, normal control knees of a similar mean age.
We had three null hypotheses as follows: firstly, that there are no differences in sagittal plane kinematics between the bicruciate-stabilised and posterior-stabilised TKR; secondly, that the bicruciate-stabilised and traditional posterior-stabilised TKR does not alter preoperative kinematics, or overall clinical function; and thirdly, that the kinematics of osteo-arthritic knees preoperatively are not different from those of normal control knees.
Patients and Methods
Between 2007 and 2010, 33 patients with primary osteoarthritis who were awaiting TKR were recruited. Of these, 30 satisfied the inclusion and exclusion criteria given in Table I and proceeded to surgery. Two subsequently withdrew, leaving a total of 28 participants. One patient from the posterior-stabilised group withdrew consent after surgery and one from the bicruciate-stabilised group was withdrawn by the operating surgeon because of post-operative haemarthrosis. The study was approved by the local hospital and university ethics committees and each participant gave informed consent.
Patients were randomised after they were enrolled in the study (usually four weeks prior to surgery) using a permuted block design to one of two types of TKR, either a bicruciatestabilised design in 13 patients (Journey; Smith and Nephew, Memphis, Tennessee) or a traditional posterior-stabilised design in 15 patients (Genesis II; Smith and Nephew). The groups were well matched for age, weight, height and time to post-operative assessment (Table II) . Both designs required sacrifice of the cruciate ligaments and incorporated a cam and post mechanism and a resurfaced patella. Each operation was performed by one of three experienced orthopaedic surgeons (AWB, MJG, PNS) who had carried out at least five previous operations using each implant.
In addition, 14 asymptomatic control subjects were recruited. The data for this group are shown in Table II . The inclusion and exclusion criteria were the same as those for the treatment group, except that the control group had not had previous knee surgery and did not have arthritis of the knee or any self-reported knee symptoms. Clinical and fluoroscopic assessment. Each patient was assessed approximately one week before and seven weeks after their operation. A series of exercises was performed by the patient while their knee was viewed under image intensification (Axiom Artis MP version VB22; Siemens, Munich, Germany). These exercises included leg extension against gravity, flexion against gravity and step-up. Flexion and extension against gravity were non-weight-bearing, open-chain exercises, while the step-up was a weightbearing, closed-chain exercise. Such exercises have been used in the past to demonstrate the differences between designs of TKR. 15 For each exercise, the fluoroscope was positioned to image the knee in the sagittal plane. Extension against gravity was performed with the patient sitting on a chair. Flexion against gravity was performed while standing. The step-up was performed on a 25 cm step with a hand grip for support. Additional fluoroscopic images of the proximal tibia and distal femur were taken to define accurately the posterior axes of the tibia and femur, respectively. 6, 9 Finally, an image was taken of a custom-built calibration frame, which contained a square grid of 1 mm ball-bearings spaced 25 mm apart. The ball-bearings were inserted into holes created in a perspex sheet (350 mm × 350 mm) using a computer numerically controlled drill. Images of the grid were subsequently used to correct for image distortion. The PTA and knee flexion angle (KFA) were measured from lateral fluoroscopic radiographs, using a previously validated method. 6, 8, 9 The former was defined as the angle between the patellar tendon and the posterior tibial axis. It reflected the anteroposterior translation of the femur on the tibia. When the normal knee is fully extended, the PTA is positive, reflecting that the femur is positioned anteriorly on the tibia, pushing the patella and patellar tendon forward. As the knee flexes, it becomes negative as the femur rolls back on the tibial plateau, allowing the patella, and hence the patellar tendon, to rock backwards. A more positive PTA generally reflects increased anterior femoral translation, while a more negative PTA reflects increased posterior femoral translation.
The KFA was defined as the angle between the posterior tibial and femoral axes. Images were sampled at approximate increments of 5° of KFA. Custom-built Matlab software (version 6; The MathsWorks Inc., Natick, Massachusetts) was used to correct images for geometrical distortion using a global distortion correction method, 16, 17 and then measure these two angles. Patients were also assessed using the Oxford knee score. 18 The assessor (TRW) was blinded to the type of prosthesis, although the silhouette of the prosthesis was visible when measurements were taken from fluoroscopic images. Sample size and power calculations. For power calculations, the alpha significance level was set at 0.05 and power at 90%. A difference in the PTA of 4° between the two groups was considered to be clinically significant. 6 Previous research found the SD to be 3.1°. 6 Therefore, 14 patients were required in each group to achieve statistical significance when comparing the bicruciatestabilised and posterior-stabilised groups. Only eight patients were required to compare the PTA before and after surgery.
A difference of 14 points in the Oxford knee score has been observed before and after TKR with an SD of 7.3 points. 18 In order to detect a similar difference in our study, only five patients were required. Therefore, to achieve sufficient power to determine confidently differences in PTA, 14 knees were required in each group in our study. Statistical analysis. Measurements of the PTA in the pooled pre-operative group (n = 28), both TKR groups and the normal control group were compared using oneway analysis of variance (ANOVA). The PTA and Oxford knee scores were compared pre-and postoperatively in each group using a paired Student's t-test. For each activity, three KFAs were selected at which the PTA was compared for each group. For the flexion and extension activities, the knee routinely flexed to greater than 90°; therefore, KFAs of 10°, 40° and 90° were chosen for analysis. However, during the step-up activity the maximum KFA was usually less than 90°. Therefore a maximum of 70° was chosen for this activity. The PTA was interpolated from raw data using a cubic smoothing spline at these flexion angles. All the statistical calculations were performed using Matlab (The MathWorks Inc.). A p-value ≤ 0.05 was assumed for statistical significance, although no corrections were made for multiple comparisons across the three flexion angles.
Results
Bicruciate-stabilised compared with posterior-stabilised TKR. The mean PTA in the bicruciate-stabilised group was significantly higher than in the posterior-stabilised group by between 3° and 4° during the extension activity at a KFA of between 10° and 40° (ANOVA, p = 0.02 and 0.04, respectively; Fig. 2) , and during the step-up at KFA of 10°( ANOVA, p = 0.04; Fig. 3 ). No significant differences were found during flexion activity (p = 0.13) (Fig. 4) . While the SDs of this series were larger for step-up and extension activities, this did not preclude statistical significance.
Bicruciate-stabilised TKR; pre-and post-operative results.
In the bicruciate-stabilised group, the only significant difference observed between the pre-and post-operative measurements of the PTA occurred during the extension exercise at a KFA of 90° when the post-operative PTA was lower by 5.3° (Student's t-test, p = 0.05; Table III) . Posterior-stabilised TKR; pre-and post-operative results. In the posterior-stabilised group during the extension exercise, Table  III ). During the step-up, the mean post-operative PTA was lower than the mean pre-operative PTA throughout the range of KFA by between 4.7° and 5.6° (Student's t-test; 10°, p = 0.002; 40°, p = 0.0003; 90°, p = 0.002; Table III) . Pre-operative PTA compared with that ofthe control group. In the step-up and extension exercises, the mean pooled preoperative PTA (n = 28) was greater than that of normal knees by between approximately 3° and 5° across the flexion range, although this was only statistically significant at a KFA of 10° in the step-up (ANOVA, p = 0.02; p > 0.2 in other comparisons) (Figs 2 and 3 ). In the flexion exercise, the mean pooled pre-operative and control PTA closely approximately each other (Fig. 4) . Oxford Knee Score. This score improved after surgery in the bicruciate-stabilised group by a mean of 7.0 points (-6 to 28) (Student's t-test, p = 0.007) and in the posteriorstabilised group by a mean of 5.1 points (-7 to 20) (Student's t-test, p = 0.018; Table IV ). There were no significant pre-or post-operative differences in the mean Oxford knee score between the two groups (p = 0.64).
Discussion
Our findings showed that the posterior-stabilised TKR consistently altered the pre-operative kinematics whereas the bicruciate-stabilised TKR did so in only one of the activities which we assessed at one angle of flexion. The bicruciate TKR generated a higher PTA than the posterior-stabilised design near full extension during the step-up and leg extension activities which probably reflected engagement of the anterior cam of the bicruciate TKR. However, despite demonstrated kinematic differences, no differences were found in function as measured by the Oxford knee score between the two groups, albeit in an assessment conducted in the early post-operative phase. Designs of TKR have evolved to meet the goal of restoring normal knee function. 19 Given the importance of both cruciate ligaments in normal function, 2 it might be considered appropriate in TKR either to retain them or to incorporate features which fulfil their role as found in the bicruciatestabilised TKR. Our study has shown that compared with the posterior-stabilised TKR, the bicruciate-stabilised TKR restores kinematics more effectively, and produces a PTA which is higher at near full knee extension. Therefore the first null hypothesis can be rejected. Our results indicated that the anterior cam at least partially replicated the mechanical function of the ACL in the sagittal plane by preventing excessive posterior movement of the femur on the tibia near full extension, resulting in a higher PTA. Both designs of the TKR produced a more normal PTA than that seen in previously studied TKRs. 6, 8, 14 In high knee flexion, the PTA of previously studied TKRs has been significantly greater than that in normal controls indicating excessive anterior movement of the femur on the tibia. In the normal knee at high flexion, the PCL restricts anterior movement of the femur on the tibia, 2, 20, 21 which previous studies have failed to replicate. 5, 6, [22] [23] [24] The designs which we investigated may have been more effective than previously studied TKRs at reproducing the normal function of the PCL.
Our study had a number of limitations. First, while the PTA was used to characterise sagittal plane kinematics in numerous studies, [6] [7] [8] 10, 14, 25 it is only one of many possible measurements. Secondly, differences in the measurement of the PTA between the groups may have been influenced by differences in the geometry of the patella and by the shape of the trochlear surface, not just by those at the tibiofemoral joint. In our study, for example, a higher PTA near full extension in the bicruciate-stabilised group was attributed to engagement of the anterior cam. However, a thicker patellar component or a more anteriorly positioned trochlear surface would have produced a similar result. While the surgeons attempted to restore pre-operative patellar thickness and trochlear contours, no direct measurements were made of these parameters.
An appropriate kinematic goal after TKR remains controversial. New designs of TKR are often assessed by comparing post-operative kinematics with those of young, normal knees. [6] [7] [8] 12, 14 We propose that the kinematic differences between young normal knees and those with a TKR are a function of three main variables, namely, ageing, the degree of arthritis and TKR. Understanding the relative impact of each variable on the post-operative kinematics would help to identify an appropriate kinematic goal after TKR. Our study was designed to isolate the effect of two of these three variables, namely the degree of arthritis and TKR.
The effect of the extent of the arthritis was determined by comparing pre-operative arthritic knees (pre-operative group) with a normal control group of a similar mean age. In the flexion activity, in which the hamstrings were the prime movers, the PTA in these two groups was almost identical. During the extension and step-up activities, in which the quadriceps were the prime movers, the PTA of the normal group was lower than that of the pre-operative group. This was only significant at near full knee extension during the closed-chain step-up activity, indicating that the femur was more posterior on the tibia in the normal group at near full extension. Accordingly, the third null hypothesis can be rejected. This might have been due to greater laxity of the ACL in the control group, allowing more posterior movement of the femur on the tibia, and/or because the quadriceps force in the control group was greater than that in the pre-operative group, tending to push the femur posteriorly near full extension. Since no constraints were placed on the speed at which these activities were performed normal (healthy) subjects were more likely to have performed the step-up vigorously, generating greater quadriceps forces. Therefore, kinematic differences between these two groups, the isolated effect of arthritis, might have been due to differences in muscle forces, with pain possibly limiting the pre-operative group.
The effect of TKR was isolated by comparing the preand post-operative kinematics. The bicruciate-stabilised TKR restored kinematics except at near full flexion during the extension activity in which the PTA was lower than that in the pre-operative state. However, the posterior-stabilised TKR lowered the PTA compared with pre-operative values during extension, flexion and step-up exercises. Therefore the second null hypothesis can also be rejected for posteriorly-stabilised TKR. At near full extension, since the posterior-stabilised TKR did not have a mechanical analogue of the ACL, the quadriceps pushed the femur posteriorly on the tibia, resulting in a lower PTA. At near full knee flexion, the posterior cam and post mechanisms in both groups probably engaged, drawing the femur posteriorly relative to the tibia, resulting in a lower PTA than that in the preoperative state. It is worth noting that other studies of TKR kinematics have reported the reverse. In high knee flexion, the PTA in the TKRs was higher than in the normal knees which was attributed to inadequate function of the cam and post mechanism or the retained PCL. 5, 6, 8, 12 Overall, the altered kinematics after TKR in our study were probably due to the absence of an ACL analogue in the posterior-stabilised group and to successful engagement of the posterior cam-post mechanism in both groups which had an even greater effect than the native PCL of the pre-operative knee in restraining the anterior movement of the femur.
Finally, while not directly measured in our study, the effect of ageing was quantified by comparing our normal control group with young, healthy knees. Two previous studies have used an almost identical experimental protocol to measure the PTA in subjects younger than 35 years. 6, 8 The main difference between these young groups and our control group was observed in the step-up activity. At 10° of KFA, the PTA in these young groups was between 20° and 22° and in our control group, it was 11°. At 40° of KFA, the PTA in the young groups was between 12° and 14° and in our control group it was 8°. At 70° of KFA, the PTA in the young groups was between 4° and 6° while in our control group it was 3.5°. In part, these differences may be attributed to interobserver error or to small differences in experimental protocol, but it is conceivable that it may also be due to reduced stiffness of the ACL in the older group. 26, 27 At physiological loads, reduced stiffness in the ACL would allow greater posterior movement of the femur relative to the tibia, leading to a lower PTA.
Post-operative kinematics are influenced by the degree of arthritis, the TKR and ageing. In order to understand the isolated effect of TKR on a joint, the pre-operative kinematics are an appropriate comparator. If either agematched or young normal knees are used as a control group, any differences in post-operative kinematics should be interpreted taking into account the concurrent effects of arthritis and ageing.
While not perfect, TKR generally delivers a successful clinical outcome. 1, 19, 28, 29 However, it typically generates abnormal knee kinematics, relative to young, normal knees, 5, 6, 22, 24 although our study has shown that the kinematics can be restored following TKR. Given that abnormal kinematics do not preclude a good outcome, more evidence of any clinical benefit is needed to justify the current pursuit by the designers of TKR to reproduce the kinematics of young, normal knees. It may be more appropriate to replicate the pre-operative kinematics, or those of healthy, similarly aged normal knees.
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